Ventricular membrane potentials were recorded by the microelectrode technic in anesthetized, open-chest dogs. Concurrently, intraventricular pressure, electrocardiogram and esophageal temperature were recorded. Hypothermia was induced by an extracorporeal cooling method. Data on the parameters observed are presented for a temperature range from 38 to 22 C. The mean temperature for spontaneous ventricular fibrillation was approximately 22 C. Hypothermia increased single fiber action potential duration, primarily by prolonging the plateau phase. Depolarization and terminal repolarization were less affected. Action potential amplitude and resting potential were not changed. Change in action potential duration as a function of varying heart rate became more pronounced with cooling. A characteristic change in action potential shape during early repolarization became evident as hypothermia progressed. Hypothermic changes in the single fiber action potential are compared with changes in the electrocardiogram and the pressure curve. Recordings made from single fibers during hypothermic ventricular fibrillation showed a marked shortening in action potential duration. S ERIOUS disturbances in cardiac function have limited the clinical use of induced hypothermia. Specifically, the greatest hazard is ventricular fibrillation. Hypothermia appears to increase myoeardial vulnerability to stimuli capable of exciting ventricular arrhythmias, for which current therapeutic measures for prevention and control are empirical and generally inadequate. 1 ' 2 The purpose of this report is to present and to interpret data gathered from experience on dogs in which single cell recording of ventricular membrane potentials was performed in situ. These data are correlated with more conventional parameters of cardiac function.
Ventricular membrane potentials were recorded by the microelectrode technic in anesthetized, open-chest dogs. Concurrently, intraventricular pressure, electrocardiogram and esophageal temperature were recorded. Hypothermia was induced by an extracorporeal cooling method. Data on the parameters observed are presented for a temperature range from 38 to 22 C. The mean temperature for spontaneous ventricular fibrillation was approximately 22 C. Hypothermia increased single fiber action potential duration, primarily by prolonging the plateau phase. Depolarization and terminal repolarization were less affected. Action potential amplitude and resting potential were not changed. Change in action potential duration as a function of varying heart rate became more pronounced with cooling. A characteristic change in action potential shape during early repolarization became evident as hypothermia progressed. Hypothermic changes in the single fiber action potential are compared with changes in the electrocardiogram and the pressure curve. Recordings made from single fibers during hypothermic ventricular fibrillation showed a marked shortening in action potential duration. S ERIOUS disturbances in cardiac function have limited the clinical use of induced hypothermia. Specifically, the greatest hazard is ventricular fibrillation. Hypothermia appears to increase myoeardial vulnerability to stimuli capable of exciting ventricular arrhythmias, for which current therapeutic measures for prevention and control are empirical and generally inadequate. 1 ' 2 The purpose of this report is to present and to interpret data gathered from experience on dogs in which single cell recording of ventricular membrane potentials was performed in situ. These data are correlated with more conventional parameters of cardiac function. METHODS Thirty mongrel dogs of about 10 Kg. weight were used. Pentobarbital sodium was administered in a dose of 30 mg./Kg. intravenously. Following "Received for publication May 26, 1959. intubation, ventilation of each animal was controlled at a constant rate and volume throughout. The right or left chest was opened through an intercostal incision and the heart was cradled in the pericardium according to conventional technics. A polyethylene catheter was inserted through the wall of the appropriate chamber for the determination of intraventricular pressure by means of a Statham transducer. In some experiments heart rate was artificially altered by electrical stimulation. Bipolar stimulating electrodes were npplied either to the apex or to the right atrium. Stimulating current was supplied by a Tektronix pulse generator assembly. A standard lead II electrocardiogram was obtained, rising needle electrodes. Intracellular recording from either the left or right ventricle was obtained by means of the glass capillary microelectrode adapted for moving tissue. 3 Temperature was monitored from a thermistor placed in the esophagus immediately posterior to the ventricular mass. The temperature at this level was found to be within 0.5 to 1.0 C. of heart temperature. The several parameters were recorded on a multichannel direct writing oscillograph.
In three experiments, strength-interval curves were obtained in order to determine ventricular refractory period. The R wave of the electrocardiogram was made to trigger the stimulator and after a variable delav. the test stimulus was delivered to the ventricles. The threshold intensity of the test stimulus was determined for various delay periods at several temperatures.
In order to produce hypothermia, a venovenous shunt from the femoral to the jugular vein was prepared of polyvinyl tubing, a stainless steel coil and a Sigmamotor pump. The total capacity of the shunt was 60 ml. Initially it was filled with saline containing 001 per cent of hepai'in. When cooling was begun, shunt flow was adjusted to approximately 200 ml./min. and the metal coil was immersed in a container of ice water. Temperature control was achieved by altering the volume of the coil in contact with the ice water, rather than by changing shunt flow. When recordings were to be made at a given temperature, the rate of cooling was reduced and at least 5 min. allowed for thermal equilibration.
Data Analysis. Measurements of the recorded data were made according to the scheme shown in figure 1 .
The heart rate is expressed in reciprocal form as the R-R duration. During fibrillation when R waves were obscure, the interval between successive deplorization limbs of the membrane action potential was measured. PQ duration is the time from the beginning of the P wave to the beginning of the Q wave. The QRS duration is the time along the isoelectric line of the Electrocardiogram between the beginning of the Q and the completion of the S w T ave. The duration of the S-T segment is the time occupied from the end of the S wave to the peak of the T wave.
Left and right ventricular membrane action potentials w T ere inspected in order to quantitate experimental changes in amplitude and in duration. A perpendicular was dropped from the peak of depolarization to the diastolic membrane potential level ( fig. 1 ). The length of this line represents the action potential vertical amplitude (AP H ). The components of repolarization represent a peculiar problem in analysis. Although it would be desirable to have determined the three phases of repolarization according to Woodbury et al., 4 their method was thought to be impractical in view of the configurational changes in repolarization occurring with hypothermia. Therefore, an arbitrary total action potential duration (APD T ) was determined as the horizontal distance from the AP,, perpendicular to an intercept on terminal repolarization, at the level of 95 per cent of complete repolarization ( fig.  1 ). By inspection, it was observed that terminal repolarization occurred most rapidly during the final 50 mV. of repolarization. Vertical amplitude of action potentials from nonfibrillating ventricles varied little from approximately 100 mV. under the experiinental conditions. Therefore, from a point on terminal repolarization 50 mV. less than the resting potential, a perpendicular was dropped to the horizontal line denoting 95 per cent of repolarization. The time required for the final 50 niY. of repolarization was termed the duration of terminal repolarization (APD Tlt ). The difference between total duration and duration of terminal repolarization is proportional to the action potential plateau duration and is symbolized by "APD T . Tn ." Variations between the intracellular potentials from left to right ventricles were not apparent. Therefore, data regarding action potential characteristics include pooled results from both ventricles.
Left ventricular pressure records were subjected to analysis. At 90 per cent of recovery of diastolic pressure a line was drawn parallel to the base line. At 10 per cent of recovery, a similar line was drawn. The duration at the 90 per cent line is termed the total ventricular pressure duration (VPD T ). The duration at 10 per cent of recovery represents ventricular pressure duration during ejection (VPD E )-Perpendiculars dropped from the intercepts of the rising and falling phases of the pressure curve with the 10 per cent recovery line delineate the time for pressure development and for pressure recovery, respectively. Rates for pressure development (VPR D ) and for pressure recovery (VPR R ) were then calculated.
The recorded temperatures were divided into successive two degree ranges, i.e., 38.9 to 37.0 C, etc. Results obtained within these ranges are represented as having occurred at the mean temperature of the range. Graphical presentation of the change in ventricular function against the change in temperature is presented on an Arrhenius plot. Although the slope of this plot represents the activation energy, the calculated energy value is not presented in view of the complexity of biochemical systems and the fact that linearity was not true. Q 10 values were calculated from point? on the smooth curves, over the total temperature range, according to the following equation:
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Where t is degrees centigrade and k is the velocity constant of the reaction. Here the magnitudes of the measured parameters were substituted for the A-values. Q 10 values were calculated from data obtained at spontaneous sinus rhythm except where otherwise indicated. Components of the Electrocardiogram. PQ, QRS and S-T durations increased with hypothermia, as seen in figure 2. Of these, S-T showed the greatest temperature dependence. It is to be recalled that the PQ and QRS components are primarily conduction parameters, associated with the depolarization phenomenon, whereas the S-T segment is a recovery event, related to repolarizatioii. At low temperatures P wave duration was increased and amplitude was reduced. The bizarre elevation of the S-T segment described by others 0 -7 was seen in many of the electrocardiograms recorded at low temperatures. The relationship of this change to single cell action potentials will be considered in the following section.
Ventricular Membrane Action Potential. Action potential amplitude and resting potential did not change over the temperature range used (table 1). Resting potential was followed in only a few experiments and was shown to range from 75 to 85 mV. Mean duration of the ventricular single fiber action potential increased markedly with the lowering of temperature. Inspection of records from individual experiments such as shown in figure 3 indicates that delayed repolarizatioii is the prominent cause for increased duration. As shown in figure 4, the Q ]o value for APDT-TK is higher than that for APD T , whereas the Q U) for APD TR is considerably lower. Thus, while the total course of repolarizatioii was slowed by hypothermia, the greatest change was in the plateau. This i.s reflected in the fibrillation record of figure 3, in which terminal repolarizatioii rate is similar to that of normally conducted potentials at similar temperatures, but the plateau duration i.s profoundly reduced. The sum of the mean durations of QRS and S-T, for action potential duration. X umbers below tracing*. cardiac cycle duration; horizontal dotted line, zero potential; (I'/'"), ventricular fibrillation. plotted on the same graph as APD T shows that the two curves are almost identical ( fig. 4 ).
The biphasic configuration during early repolarization shown in figure 3 at 20.5 C. is typical of most ventricular intracellular records taken at temperatures below 27 C. Phase I 4 became increasingly prominent as hypothermia progressed. This was followed by a secondary, slow depolarization during phase 2. The resulting "notch" in the action potential was rate sensitive ( fig. 5 ). Experimentally decreasing the spontaneous heart rate during hypothermia intensified the magnitude of the notch, whereas an increase in heart rate usually caused disappearance of the notch with a reduction in the slope of phase 1. The abnormal S-T elevation 0 -7 evident in the electrocardiogram is associated with the notch in the membrane action potential. Altering the magnitude of the notch affected the magnitude of the S-T elevation proportionately. Thus, there appears to be a correlation between the elevated S-T segment and configuration of the ventricular single cell potential. The response of the action potential notch (and therefore the S-T change) to alteration in heart rate, coupled with the observations of Santos and Kittle, 7 does not support the original interpretation 8 that the S-T elevation is a "current of injury."
Bate Dependence of the Ventricular Action Potential. It is well known that action potential dui-ation becomes shorter as a function of increasing heart rate. 8 -° Because of the marked prolongation of the spontaneous R-R time in hypothermia, it was of importance to learn to what extent the changes in action potential duration were influenced by changes in heart rate. In several experi-ments the heart was driven at frequencies greater than the existing spontaneous rate at different temperatures. Because of the increasing absolute refractory period with hypothermia, the highest driven frequency was often less than the spontaneous frequency characteristic of normothermia. In order to more nearly complete the data, norinothermic hearts were slowed. Moderate slowing was achieved by applying a cold thermode to the SA node. Marked slowing was produced by vagal stimulation. It has been shown that vagal stimulation does not affect the ventricular action potential as it does that of the atrium, 1 " an observation confirmed in these studies. Figure 6 shows the effect of altered heart rate on action potential duration. It was found that if APD T were plotted against Hie logarithm of the R-R duration, curves could be constructed that are linear within limits. These probably are sigmoid curves, with APD T reaching a maximum value. It was concluded that duration of the action potential is indeed influenced by heart rate, but that temperature exerts a further influence.
Action potential duration became more dependent on heart rate the lower the cardiac temperature. Qio values for 4 different R-R durations are shown in figure 6 . The Q 10 increases at a diminishing rate of change and approaches a maximum with progressive reduction of heart rate. Utilizing the linear portions of the curves it was calculated that the maximum Qi 0 (at infinite R-R duration) is approximately 2. Ventricidar Fibrillation. Nineteen dogs fibrillated spontaneously at a mean temperature of 22.8 C. (± 0.5 S.E.). The remainder fibrillated during electrical stimulation procedures. The mean spontaneous fibrillation temperature is higher than that reported recently by Hegnauer 11 for dogs under pentobarbital anesthesia. However, it must be noted that in the present experiments the chest was open, a ventricular catheter was in place, and in many instances an indifferent recording electrode was sutured to the ventricular epicardium. It was possible to record the onset of ventricular fibrillation by means of the microelectrode. It was observed that the first ectopic beat occurred early in terminal repolarization ( fig. 7 ). During the course of fibrillation, the potentials were characterized by their extremely short duration (figs. 3, 5-7), far shorter than would be expected considering the measured absolute refractory period at the same temperature. Xone of the animals exhibited atrial fibrillation.
Ventricular Excitability. Ventricular threshold to electrical excitation was measured in diastole and during recovery of excitability. In these experiments, such strength-interval curves were obtained at several temperatures. More precise evaluation of ventricular excitability as a function of hypothermia has been reported by others. 12 -i:i Figure 8 plots the strength-interval curves for a typical experiment, as well a.s the change in absolute refractory period with decreasing temperature. Diastolic ventricular threshold was unchanged over the temperature range used. The techniewas not adequate to determine changes in vulnerability to fibrillation. Absolute refractory period was markedly increased and closely parallels the changes in action polential duration.
Relationships Between Mechanical and Electrical Phenomena. As indicated recently by Brewster et al. 14 " 1G mechanical systole is prolonged by hypothermia. Both duration of the total pressure curve and of the ejection phase were increased with the Qxo relationships shown in figure 9 . The rates of pressure onset (VPR D ) and of recovery (VPR R ) also were slowed, the more marked effect exerted on pressure recovery. In some experiments where ventricular pressure was measured simultaneously with contraction force 13 the 2 parameters changed in parallel with decreasing temperature. It is of interest to note that the plot of ejection duration is almost identical to that for duration of action potential plateau shown in figure 4 . It was observed that the hearts of the experimental animals always decreased in size as hypothermia progressed. Attempts to measure this change with rubber variable resistance gages 18 were abandoned; the requirement for excessive stretching of the gage when applied to normothermic hearts in order to compensate for the reduction in size with hypothermia was not compatible with proper function of gage or ventricle. The observed change in ventricular size is in contrast to the experience of Reissmann and Van Citters 19 who noted ventricular volume of the heart-lung preparation to increase with cooling. Possibly the difference can be explained in terms of inflow volumes and pressures.
DISCUSSION
Many of the electrocardiographic changes reported here have been described by other investigators. 6 -7i 15> 20 They have been included for comparison with the results of intracellular recording. Temperature-dependent changes in membrane electrical activity of epieardial ventricular single cells are now quantitated and correlated with changes in more familiar parameters. There is little reason to believe that the effect of hypothermia on the human ventricular myocardium will be qualitatively different.
The influence of temperature has been shown to be more profound on recovery events in the cardiac cycle. It has been suggested by Brewster et al. 15 that the process of ventricular relaxation is associated with higher energy requirements than is the process of contraction. Certain experimental observations of Brewster and his associates 886 WEST, FREDERICKSON, AMORY have been confirmed by the present investigation.
Temperature dependence of various phases of the ventricular membrane action potential has been reported for isolated Purkinje fibers by Coraboeuf and Weidmann. 21 The Qio values obtained by them in the isolated preparation are uniformly of greater magnitude than those presented here for equivalent parameters, but are qualitatively similar. The results of Heintzen 22 for isolated frog heart are quantitatively similar to those reported here. The plateau period of the membrane action potential is greatly affected by hypothermia, when measured at the spontaneous heart rate for each temperature. In contrast, depolarization and terminal repolarization show less dependence on temperature. Related components of the electrocardiogram change in parallel fashion.
Changes in intraventricular pressure curves parallel the action potential changes. Although intraventricular pressure is an indirect measure of ventricular contraction force, the simultaneous recording of pressure and contraction force in this laboratory and in others 15 ' 23 > 24 suggests that the two phenomena are quantitatively correlated. Similar to changes in the action potential, the onset of mechanical activity is affected less by temperature alteration than is the recovery. Furthermore, the results indicate that the duration of maximal contraction coincides with the duration of cell membrane depolarization, i.e., the plateau phase of the action potential. Thus, there is correlation between membrane potential duration and duration of muscle contraction, when recorded at spontaneous heart rates.
If ion transport is involved in the genesis of the ventricular action potential, and if a high Qio indicates greater dependence on active metabolism, it can be postulated that ventricular repolarization, particularly the plateau phase of the membrane action potential, is closely linked to active metabolism and that depolarization and conduction are more nearly related to passive mechanisms.
The effect of temperature on the heart rate dependency of action potential duration and configuration appears to be a significant aspect of this investigation. The average Qi 0 (through a range of 22 to 38 C.) for total action potential duration, taken from values for spontaneous heart rates at different temperatures, was calculated to be 2.25. This apparent Q 10 value is about that calculated over a similar temperature range as the maximum Qio at an infinitely long cardiac cycle duration. The latter value was 2.3. Since the bulk of the total action potential duration represents duration of the plateau phase, it can be said that the plateau is highly temperature dependent at low beat frequencies. This suggests that maintenance of the plateau is based on metabolic processes, possibly on the rate of active transport of ions. When the Q ]o of action potential duration is calculated at various constant heart rates, the value is seen to approach unity as the heart rate is progressively increased. The lower the temperature, the greater is the rate dependency of action potential duration. This apparently paradoxical result can be rationalized by assuming a progressively greater role of passive ion diffusion in the control of plateau duration as heart rate increases. This assumption agrees with the observed changes in Qio as a function of heart rate and suggests that fibrillation potentials represent highly passive ion transport phenomena.
The "notch" that appears in ventricular membrane action potentials at low temperatures provides a basis for further speculation in regard to membrane function. A similar configuration has been shown as a function of reduced temperature in the isolated cat papillary muscle. 25 The magnitude of the notch and of plateau duration is an inverse function of heart rate. At constant temperature, the slope of phase 1 appears to be inversely related to heart rate. This change is visible in the upper tracing of figure 5 . Therefore, the magnitude of the notch is based on the rate of voltage change during phase 1. Shortening of plateau duration with decreasing cardiac cycle duration is also prominent in the same figure. Any interpretation of these observations must account for the increasing ability of apparently passive processes to curtail plateau duration and to reduce the slope of phase 1 simultaneously. Tentatively, it is speculated that the local concentration of accumulated extracellular potassium will be shown to play a prominent role in these phenomena:
The data do not provide direct evidence for understanding the increased vulnerability to ventricular fibrillation in hypothermia. It is clear that the duration of the single cell potential in fibrillation of hypothermia is far shorter than could be expected in normally propagated potentials at the same temperature. On the basis of the combined temperature and rate-dependency analyses it is suggested that passive ion transport is overwhelming, relative to active transport, in fibrillation.
Goodford 20 recently proposed a similar hypothesis, basing his argument on his own experimental evidence and on that of Armitage et al. 27 and of Holland. 28 However, Holland and Briggs 29 pointed out that fibrillation in isolated rabbit atrium is associated with no significant change in potassium influx and therefore is not the result of depressed active transport. Nevertheless, they observed an approximately threefold increase in potassium efflux during the first 5 min. of fibrillation. Relative to the efflux change, failure of potassium influx is apparent. This departure from steady state potassium flux is more significant if the results of Wood and Conn 30 are applicable. They observed a linear correlation between heart rate and potassium flux (assuming equality of efflux and influx during the experimental procedure). Therefore, when heart rate progressively increases, active transport of ions must increase in proportion to passive transport in order to maintain flux equilibrium. Apparently this condition is not satisfied at the onset of and early in fibrillation. 27 ' 28 Because temperature coefficients for active processes exceed those for passive processes, hypother-mia can be expected to increase the potentiality for departure from ionic flux equilibrium, promoting the hazard of fibrillation.
The onset of fibrillation as seen during impalement of the single cell has always occurred in early terminal repolarization of the final prefibrillation beat. However, there is some justification in postulating that spontaneous fibrillation of hypothermia may begin as a result of continuing, direct repolarization of phase 1. Evidence obtained in isolated Purkinje fibers by Weidmann 31 offers some support for this view. The application of anodal currents of graded intensity resulted in action potentials whose configuration during early repolarization closely resemble the notched action potentials of hypothermia reported in the present investigation. In addition, Weidmann was able to apply stimuli of sufficient intensity to cause complete repolarization without the intervention of a plateau phase. This was interpreted to indicate the possibility of a repolarization threshold. As the magnitude of the action potential notch increases in hypothermia, it is possible that some ventricular fibers may behave in this manner. If so, the continued depolarization in the surrounding ventricular mass could act as a cathodal stimulus to initiate the first ectopic depolarization. The fact that this event has not been observed in epicardial recording does not negate the possibility of its existence. Methods must be devised to test the hypothesis.
This investigation has contributed to the understanding of ventricular cellular function, both in hypothermic and normothermic hearts. Further study should contribute to a more rational approach to the development and investigation of cardiac physiology and pharmacology under various abnormal conditions.
